Spheroplasts from Anabaena 7119 (formerly designated Nostoc muscorum) were prepared in the presence of serum albumin in 0.5 molar sucrose. Electron transport and photophosphorylation were preserved (>70% of the maximum rate for I week). The pH profile of electron transport and photophosphorylation in the reactions H20 -. NADP, H20 --methyl viologen, and H20 -* ferricyanide shows that uncoupling by ammonia is small throughout and increases slightly with higher pH. ADP + Pi increased NADP reduction from H20 by 2.5-fold. The ratios of ATP formed per electron pair transported ranged from 0.9 to 1.5. Effects of catalase and superoxide dismutase on the overall 02 balance implicate pseudocycic electron transport and phosphorylation. The quenching of 9-aminoacridine fluorescence indicates the formation of a A pH from 2 to 2.6 during illumination. This pH gradient is abolished by uncouplers; however, complete uncoupling is achieved only by 3-chlorocarbonyl cyanide phenylhydrazone or valinomycin + NH4+. In the presence of NH4' alone, the membrane potential may act as the driving force for photophosphorylation.
membrane potential may act as the driving force for photophosphorylation.
Incresing amounts of bovine serum albumin protected phosphorylation from uncoupling by silicomolybdic acid. 3-(3,4-Dichlorophenyl)-1,1-dimethylurea-insensitive water oxidation by silicomolybdic acid provides evidence that the site for 3-(3,4dichlorophenyl)-1,1-dimethylurea action is on the acceptor and not donor side of photosystem II in the procaryote Anabaena. It is concluded that stable spheroplasts retain coupled electron transport approaching in vivo rates.
Although much information is available on the coupling between electron transport and photophosphorylation in chloroplasts (for review, see refs. 12 and 14), surprisingly little is known about photosynthetic coupling in terms of evolution of the much older cyanobacteria. There are reports demonstrating ATP formation coupled to linear electron transport from water to NADP in Bumilleriopsis (7) and good photophosphorylation activity in Chlamydomonas (9, 25) . Noncyclic photophosphorylation in the blue-green alga, Phormidium was reported by Biggins (5) , who was the first to show significant coupling.
Arnon's group (1) characterized photochemical activities and components of membrane preparations of Anabaena 7119 which exhibited both high stability and high rates of electron transport. However, these preparations showed rather low rates of photophosphorylation and coupling was not demonstrated. The use of spheroplasts, introduced by Biggins (5) and later extended by Binder et aL (6) with Phormidium, has the obvious advantage that all essential components are available in the reaction medium after osmotic shock; if necessary, highly diluted endogenous substrates can be added.
Recently Padan and Schuldiner (18) demonstrated a transmembrane pH gradient and evaluated energy transduction in thylakoids of the blue-green alga Plectonema, using the technique of fluorescence quenching of 9-aminoacridine.
The methodology of spheroplast preparation has been improved and the spheroplasts employed herein are stable for a week. Further, I have shown that the ATP requirement in blue-green algal photosynthesis for CO2 fixation can be fulfilled by energy coupling betwen electron transport and photophosphorylation.
Extra ATP can be derived from 02 reduction. The sensitivity of coupled electron transport toward SM3 provides the first data on the reactivity of this PS II acceptor in blue-greens. The energetic properties of BSA-stabilized spheroplast membranes as a model system are evident: NH4' abolishes the pH gradient, but uncoupling requires an ionophore.
MATERIALS AND METHODS
Preparation of Spheroplasts. Nostoc muscorum (strain 7119) provided by Dr. H. Tsujimoto, Berkeley, was lately reclassified as Anabaena 7119 and in a recent systematic review of cyanobacteria by Stanier's group appears under Anabaena ATCC 29151 (see p. 38 of ref. 19) . Therefore, it is referred to in this work under the latter name. Cells were cultured as described (23) ; 200-ml batches of cells were harvested after 5 to 6 days when the packed cell volume was 4 to 6 pl/ml suspension. The cells were washed once with incubation buffer consisting of: 0.5 M sucrose; 10 mm MesNaOH (pH 6.9); 5 mm Na-K phosphate; 10 mM MgCl2; 2% (w/v) BSA, centrifuged at 750g for 4 min and resuspended in 5 ml incubation medium to which lysozyme (from Sigma, Munich) was added at I mg/ml. Incubation was carried out with intermittent gentle stirring for 60 min at 34 C. The spheroplast suspension then was centrifuged at 300g for 90 s and the resulting supernatant was
withdrawn. An undamaged spheroplast supematant appears colorless or slightly yellow. Difference spectra of supernatant supplemented with either sodium dithionite or FeCy showed the absence of Cyt. Further, the colorless appearance indicated that no phycocyanin was lost.
The fragile spheroplast chains were gently resuspended in the incubation medium lacking lysozyme, but enriched with 0.5% BSA, and stored at near 0 C. Under these conditions both electron transport and photophosphorylation were maintained for at least 4 days at 80 to 90%Yo of the original activity.
Measurement of Electron Transport and Photophosphorylation. The reaction medium (1.9 ml), unless stated otherwise, contained: 10 mm Tricine-KOH (pH 7.8); 3 mm Na+, 3 mm K+, 6 mM P042-(containing 32Pi with approximately 6 x 105 cpm/ml); 10 (14) . Spheroplast membranes exhibited intermediate rates of electron transport, in the absence of ADP and Pi, when intact spheroplasts were shocked osmotically in the reaction mixture (Table I) (Table I) .
With higher plant chloroplasts, amine uncouplers stimualte electron flow 3-to 5-fold. Spheroplast membrane electron transport, however, is stimulated only 1.4-to 1.8-fold by NH4' or methylamine (columns 3 and 4 in Table I ) and the stimulated rates are distinctly lower than the rate with ADP + Pi. In view of this discrepancy, the pH profiles of three representative electron transport reactions under phosphorylating conditions, in the presence and absence of 5 mm NH4', were investigated (Fig. 1) . In all cases, 0.1% BSA increased phosphorylation usually by a factor of 2 and decreased slightly electron transport. Increase of electron transport upon addition of NH4+ was observed from pH 6 to 8. At higher pH, stimulation by the uncoupler was either absent (H20 --NADP) or the rate decreased (H20--FeCy). Surprisingly, phosphorylation was stimulated by NH4+ from pH 6 to 7 but (12) . Indeed, amine uncouplers stimulate all three reactions at low pH; in contrast, at high pH, differences are either alleviated or, in the case of FeCy, there is even inhibition (Fig. 1) . The (Fig. 2C) .
Valinomycin plus K+ has no effect but, on further addition of NH4', both A pH (Fig. 2B) (Fig. 2C) shows that the supply of H+ under natural conditions is controlled by electron flow from H20, the decrease of A pH from 2.6 to 2.1 by ADP (Table II) (Table III) . This is in the absence of endogenous catalase which could not be detected since azide (2.5 mM) or H202 added had no effect on the 02 trace (not shown) as mentioned earlier. On the other hand, addition of catalase or superoxide dismutase shifts the 02 balance to 02 evolution (Table III, lines 2 and 3) . However, addition of excess ferredoxin to mediate pseudocycic electron transport increased 02 uptake and ATP formation only slightly (Table III, line 5). Catalase also had a beneficial effect on NADP reduction and increased electron transport and photophosphorylation by 25 to 35% (Table III, lines 6 and 7) . Although the preference of reduced ferredoxin for NADP reduction against 02 reduction is well-documented (22), these catalase effects are a strong indication for reduction of 02 during NADP reduction. Also Lien and San Pietro (16) found a high 02-affinity species in chloroplast PS I particles. The notion that 02 reduction contributes to overall photophosphorylation is supported by the earlier finding that photorespiration in Anabaena is associated with photosynthetic electron transport and inhibited by DCMU (15) and by later reports on 02 reduction in chloroplasts (11) . Also, further reduction of H202 to H20 has to be considered as a means to detoxify excess peroxide with endogenous electron donors. However, this would not be apparent in the 02 traces. Interpretations of coupling ratios higher than one have to take these observations into account.
Slovacek et al. (21) showed that cyclic and pseudocyclic electron flow both contribute to ATP formation. Phosphorylation with PMS as cofactor in Anabaena is inhibited 80o by DCMU, indicating the fraction due to noncyclic electron flow (Table III, line   Table III Catalase again increases the latter value to 113%, whereas 02 uptake remains at the same level (Table III , last line). The positive effect of catalase on cyclic photophosphorylation is most likely due to elimination of H202 produced during concurrent pseudocyclic electron transport to endogenous acceptors, including 02 (Table III, ratio in the system H20 -* NADP under air. Sensitivity of Coupled Electron Transport to SM. In higher plant chloroplasts, SM apparently reacts in a DCMU-insensitive manner close to the quencher on the acceptor side of PS II (2) . Further work by Berg and Izawa (4) showed that multiple sites for SM reduction exist, and the question was raised whether photophosphorylation could occur in the sequence H20 --Q -+ SM, where Q stands for the quencher (3) . In contrast to higher plants, other groups proposed that the DCMU inhibition site in two blue-green algae investigated was located on the donor side of PS II (10, 20) .
Spheroplasts from Anabaena with electron transport comparable to in vivo rates and P/2e ratios close to I for the reaction H20 -+ FeCy (Fig. 4) exhibit a maximum rate of 120 ,tmol 02 evolved/ mg Chl .h when SM is the acceptor. The complex behavior of SM becomes apparent, however, when four representative reactions involving SM are measured in terms of 02 evolution as a function of SM concentration (Fig. 3) . In the reaction H20 --FeCy/SM, ferricyanide keeps the SM oxidized. Whereas the concentration of SM for optimal activity is nearly the same for the three acceptor combinations of FeCy/SM, FeCy/SM/DCMU and SM, the maximum rate for both SM/DCMU and SM/DCMU + BSA requires a much higher acceptor concentration. In fact, the optimal amounts required for the latter two reactions are already highly inhibitory for the former three combinations. Further, at 0.2 mg/ ml SM, 02 evolution was inhibited by DCMU only 17% without BSA but 70% with BSA present (Fig. 3) . In the presence of BSA, Anabaena, thylakoids are DCMU-sensitive as observed earlier by Berg and Izawa (4) using tobacco chloroplasts. A concentration series with BSA shows the degree of protection of photophosphorylation afforded by increasing amounts of BSA (Fig. 4) is lowered by raising the amount of BSA. Wheras P/2e in the FeCy Hill reaction is hardly changed, the coupling ratios with SM dramatically rose from near 0 to 1 (see inset of Fig. 4 ). This higher value indicates that, under these conditions, SM accepts electrons predominantly at PS I. At high BSA concentrations, the PS II reaction H20 -*SM/DCMU is minimal. BSA seems to shield the acceptor site of SM in the PS II region which is DCMU-insensitive and this protection can be removed by increasing SM. Similar to earlier findings (13) , overall photophosphorylation can be stabilized also in Anabaena thylakoids with dimethylsulfoxide-glycerol. However, in DCMU-insensitive reactions, phosphorylation in the presence of SM is always lower than the controls (minus acceptor). Attempts to discover a light-induced quenching of 9-aminoacridine fluorescence as an indicator of a proton potential in the presence of SM were unsuccessful. In agreement with Ben-Hayyim and Neumann (3), I conclude that SM-treated material cannot generate a pH gradient across the photosynthetic membrane sufficiently large to support ATP formation at PS II.
It was further reported for thylakoids from A. cylindrica and Oscillatoria chalybaea that photoreduction of ferricyanide was DCMU-insensitive when DPC served as donor (10, 20) . The experiments described do not exclude the possibility that DPC (at comparatively high concentrations) may feed in electrons after the DCMU-binding site between the photosystems. In this study with Anabaena material, light-induced reduction of FeCy was inhibited by DCMU with DPC as electron donor provided the high chemical dark reduction of FeCy by DPC was subtracted. Furthermore, if the site of DCMU inhibition was located on the donor side between the sites of H20 photolysis and electron donation by DPC, one should not expect 02 evolution with SM in presence of DCMU. In contrast to this hypothesis, however, high rates of 02 evolution were obtained in a DCMU-insensitive SM Hill reaction (Fig. 3) . These data present firm evidence that DCMU acts in blue-green algae in a manner similar to higher plant material and binds after the quencher, not at the oxidizing side of PS II.
In conclusion, this work shows that with the preparation of stable spheroplasts energy transduction can be studied with good coupling at rates approaching in vivo values.
